The concentrations of bile salt, lecithin, and cholesterol were determined on each of 66 samples of gall bladder bile from patients with cholesterol gallstones and 25 samples of normal gall bladder bile. When these three constituents were plotted simultaneously on triangular coordinates, a complete separation of the normal and "abnormal" bile was achieved. This separation was the result of an increase in the quantity of cholesterol relative to the amounts of bile salts and lecithin contained in the bile from patients with cholesterol gallstones. An in vitro model system was constructed (on triangular coordinates) that allows prediction of the maximum amount of cholesterol that can be solubilized in solutions containing varying proportions of bile salt and lecithin. When the bile data were compared with the solubility of cholesterol derived from the model system, normal biles were found to be less than saturated with cholesterol, whereas biles from patients with cholesterol gallstones were saturated and in some cases contained insoluble cholesterol in the form of microcrystals.
INTRODUCTION
Purpose. The formation of cholesterol gallstones can be separated conceptually into two steps ( 1 ). In the first step, the capacity of bile to solubilize cholesterol is exceeded; thus part of the cholesterol precipitates, presumably in the form of microcrystals. During the second step in gallstone formation microcrystals of cholesterol unite or grow to form macroscopic gallstones. These two steps probably proceed simultaneously. We here consider the first step of cholesterol gallstone formation, namely the conditions that bring about the precipitation of cholesterol in bile.
Theory. Pure cholesterol is almost totally insoluble in water (2, 3) , yet the cholesterol in normal human bile is completely soluble. It is assumed that cholesterol is solubilized in bile in the form of mixed micelles of bile salt and lecithin (1, (4) (5) (6) (7) (8) . In this case, the formation and persistence of insoluble cholesterol in bile could be the result of an increase in the quantity of cholesterol, a decrease in the quantity bile salt or lecithin, or a combination of these factors.
Previous studies have shown wide variations in the concentrations of bile salt, lecithin, and cholesterol in normal human gall bladder bile. Consistent differences between normal bile and bile from patients with cholesterol gallstones have been difficult to demonstrate (9) (10) (11) (12) (13) (14) (15) (16) (17) . Although some of this difficulty is due to differences in the analytical methods used, some confusion may have arisen from the way in which the data have been expressed. For example, when the quantities of bile salt, lecithin, and cholesterol per 100 ml of bile were compared, no significant differences were found in the concentration of any of these substances between the bile from normal subjects and from patients with cholesterol gallstones (13) . This method of expressing the quantity of bile constituents per unit volume of bile might be expected to produce a wide range of values since it is dependent upon the degree to which the bile has been concentrated at the time the sample is obtained. Further, the quantity of any single constituent (e.g., cholesterol) has little meaning without its being compared to the quantities of both other major components. The use of binary ratios such as cholesterol: bile salt or cholesterol: lecithin failed to show consistent differences between normal bile and bile from patients with cholesterol gall stones (17) .
Isaksson used an in vitro system to determine the maximum solubility of cholesterol in mixtures of bile salt and lecithin (18) . If the ratio of cholesterol to bile salt plus lecithin was above 1: 11, cholesterol precipitated out of solution. Applying the results of the in vitro system to the clinical situation, he found that in 70-95%o of the patients with cholesterol gallstones the ratio was above the 1: 11 critical level. This method of comparison was not entirely satisfactory since occasionally normal biles had high ratios, and some biles from patients with cholesterol gallstones had normal ratios. Isaksson's ratio does not distinguish between the individual effects of bile salt and lecithin. It has been demonstrated previously that the molecular function of bile salt and lecithin in relation to the micellar solubilization of cholesterol are distinctly different (3, (19) (20) (21) (22) and, as will be shown in the present paper, not strictly additive. Therefore, the effects of each component must be judged separately.
In the present study we have expressed the relative quantity of bile salts, lecithin, and cholesterol in each bile sample as a percentage of the total quantity of all three components. To compare the composition of normal biles with that of biles from patients with cholesterol gallstones, each bile was plotted as a single point on triangular
coordinates. This method permits simultaneous representation of the relative quantities of bile salts, lecithin, and cholesterol in any bile sample. When the data are expressed in this fashion, a clear-cut separation between normal and abnormal biles is achieved. Abnormal biles have more cholesterol relative to the quantities of bile salt and lecithin than do normal biles.
To determine if the basis of this separation was related to the limits of cholesterol solubility in pure lecithin and bile salt solutions, the results obtained in human bile were compared to an in vitro model system. The model system was derived from previous studies by Small, Bourges, and Dervichian (3, (19) (20) (21) (22) (23) (25) .
The subjects were divided into two groups: (a) 25 (26) . The mean ages of both 'A general discussion of the representation of four component systems is given in reference 24, p. 403. groups were similar, 52 years in normals and 57 in gallstone patients. 3 of the 25 normal subjects and 7 of the 66 patients with gallstones were female. The relatively small percentage of females in both groups was accounted for by the fact that all of the specimens were obtained at Veteran Administration Hospitals.
The bile samples were sealed and refrigerated within minutes after collection and were warmed to room temperature before analysis. An aliquot of each bile was centrifuged, and the sediment was observed under a polarizing microscope for the presence of crystals. When crystals were found, their melting point was determined on a microscope heating stage. Flat parallelogram-shaped crystals, similar to those described by Juniper and Burson (27) , having melting points between 146 and 1490C, were considered to be cholesterol crystals. When present in adequate amounts, these crystals were isolated and run on silica gel thin-layer chromatography as described by Hofmann (28) . In all cases the crystals had the same Rf as the pure cholesterol standard. No crystals were observed in the 25 normal biles.
All chemical determinations were performed in duplicate on aliquots of uncentrifuged bile. The per cent solids was calculated by dividing the dry weight by wet weight. All weighings were timed and extrapolated to time zero to correct for errors due to evaporation or hydration. Specimens that were obviously white bile or contained less than 4% total solids were not included in the study.
The per cent solids varied between 5 and 25%o with an average of 10%.
Total bile salts were enzymatically determined by a modification of the method of Talalay (29) . The reagents were similar with the exception that hydroxysteroid dehydrogenase 2 solution was made with 0.03 M tris buffer (pH = 7.2) containing 0.001 moles of disodium ethylenediaminetetraacetate per liter. Methanolic bile solutions were prepared by diluting 0.1-0.5 ml of bile to a volume 2 Worthington Biochemical Corp., Freehold, N. J. of 10 ml with methanol. The reaction mixture contained: 1.0 ml of pyrophosphate buffer; 0.5 ml of distilled water; 0.3 ml of fi-diphosphopyridine nucleotide solution;. 1.0 ml of hydrazine hydrate solution; 0.1 ml of hydroxysteroid dehydrogenase solutions; and 0.1 cc methanolic bile solution. The OD of the reaction mixtures were measured at 340 my, and the quantity of bile salt determined from a standard curve (obtained with pure bile salts) which was run with each series of determinations. The accuracy of the method was ± 3%. A complete description of the method will be published elsewhere.
Cholesterol was measured by the method of Abell, Levy, Brodie, and Kendall (30) and the method of Schoenheimer and Sperry (31) , and there was no significant differences between the values obtained with either technique. Phospholipid, which in bile is almost entirely lecithin (9, 12) , was determined by the method of Fiske and Subbarow (32) .
In Vitro Studies. To determine the limits of cholesterol solubility in pure bile salt-lecithin solutions in vitro, a large number of dry mixtures of bile salt, lecithin, and cholesterol were prepared as previously described (20, 21) . The bile salt (a mixture of conjugated taurine and glycine dihydroxy and trihydroxy bile salts) and the purified egg lecithin used in this experiment were the same as described previously (20) . Water was added to each dry mixture so that the final solutions contained 20% solids by weight. The mixtures were allowed to equilibrate and then were examined grossly and microscopically for the presence of crystals and (or) liquid crystalline phases (20) . Similar 
RESULTS
Clinical Studies. The mean values for all determinations on normal gall bladder biles and gall bladder biles from patients with cholesterol gallstones are shown in Table I . The millimolar concentrations of bile salt, lecithin, and cholesterol are shown in columns 1, 2, and 3, and the sum of these three components is shown in column 4. In columns 5, 6, and 7 are shown the per cent of total millimolar concentration contributed by each component. Since the sum of the three components in any one sample is equal to 100%o, each bile can be represented by a single point within triangular coordinates (see reference 24, p. 277). The position of this point within the triangle is dictated by the relative concentrations of each of the components. Thus, a bile containing 80% bile salt, 15%o lecithin, and 5%o cholesterol would be plotted as is shown in Fig. 1 . When the results from each of the 91 bile samples were plotted on one graph, there was a complete separation between the normal and abnormal biles (Fig. 2) . This separation appears to be the result of an increase in the quantity of cholesterol relative to the quantities of bile salt and lecithin present in gall bladder bile from the patients with cholesterol or mixed gallstones. Further, nearly all of the abnormal biles having relatively high cholesterols contained small cholesterol crystals (closed triangles, Fig. 2 ). These biles are two-phase systems containing liquid bile and microscopic cholesterol crystals. No liquid crystals were noted.
In Vitro Studies. The physical state of cholesterol in pure bile salt-lecithin systems containing 90% water and 10%o solids are given in Table II . The results were identical when the experiment was performed on a series of mixtures containing 5%o solids or a series containing 20%o solids. More dilute solutions (below 3%o solids) became unstable with time, whereas concentrated solutions with greater than 25%o solids contained liquid crystalline phases which altered the solubility characteristics of both lecithin and cholesterol. In Fig. 3 each of the mixtures listed on Table II has been plotted according to its composition on triangular coordinates (similar to those shown in Fig. 1 ). The physical state of each mixture is indicated: closed circles to represent a single liquid phase and open circles to indicate 2-or 3-phase systems (i.e., mixtures containing insoluble cholesterol). A line has been drawn by inspection separating the open and closed circles, and it thus represents the maximum solubility of cholesterol in varying proportions of lecithin and bile salt. Therefore, any mixture beneath the line is less than saturated. Mixtures falling on the line are saturated, and any mixture above the line contains more cholesterol than can be maintained in solution.
In the absence of lecithin, approximately 97 molecules of bile salt are necessary to solubilize three molecules of cholesterol. As the proportion of lecithin increases, progressively more cholesterol is solubilized to maximum of about 10 molecules per 60 of bile salt and 30 molecules of lecithin. This amount is similar to the maximum solubility of cholesterol determined by Isaksson (18) . Further increase in the proportion of lecithin results in decreased cholesterol solubilization in the micellar solution. At a molecular ratio of 40 molecules of bile salt to 60 of lecithin almost no cholesterol is solubilized in a micellar solution. Note that the state of insoluble cholesterol is crystalline at low lecithin concentrations but is liquid crystalline at higher lecithin concentrations.
The correlation of the findings in human bile with those of the model system are shown in Fig. 4 . It is significant that all normal biles have compositions within micellar zone, whereas biles from patients with cholesterol or mixed gallstones fall on, or above the line of maximum saturation with cholesterol. The biles of those patients that have cholesterol values clearly above the maximum saturation of cholesterol in the micellar solution nearly all contained microscopic crystals of cholesterol (closed triangles, Fig. 4 ). These biles are two-phase systems: cholesterol crystals 3 and a micellar solution. Biles from gallstone patients falling very close to the line did not contain cholesterol crystals and are one-phase systems. Therefore, they can be considered to be saturated with cholesterol. These facts suggest that the 3 The fact that no liquid crystals were observed in any bile sediments could have been predicted by the phase relationships shown in Fig. 3 The model system serves to predict the maximum amount of cholesterol that can be solubilized by any bile, and thus the degree of cholesterol saturation.
In order to correlate our findings with those of other laboratories, we have taken from the literature mean values for bile salt, lecithin, and cholesterol in normal biles and biles from patients with cholesterol or mixed gallstones (Table III) . The methods of chemical analysis for each of the three components frequently differed, but we have taken the values as reported with the exception of one study in which only "cholate" was measured (13) . We have corrected this value by assuming that cholate represents 45%o of total bile salts (33, 34) .
The correlation of the values from Table III with the model system are shown in Fig. 5 .' Again it is noted that the composition of normal gall bladder bile is such that all the plotted values fall within the micellar zone. The biles from patients with cholesterol gallstones again contain more cholesterol relative to the amounts of lecithin and bile 4A similar diagram has appeared in reference 35; however, no corrections were made for "cholate" in that paper.
Physicochemical Basis of Cholesterol GaUstone Formation FIGURE 5 The results of previous studies of the composition of gall bladder bile from normal subjects and patients with gallstones represented on triangular coordinates and compared with the limits of cholesterol solubility as determined from a model system. The values for bile salt, lecithin, and cholesterol, as shown in Table III (Fig. 3 ). DISCUSSION The model system defines the maximum quantity of cholesterol that can be solubilized in mixed micelles of bile salt and lecithin. The triangular diagram shown in Fig. 3 was constructed by determining the physical state of a large number of mixtures of bile salt, lecithin, and cholesterol in varying proportions. The total quantity of these three substances (i.e., total solids) was the same in all mixtures. Each mixture contained 10%o solids and 90% water by weight. This concentration was selected because it approximated the mean concentration total solids in the 91 samples of gall bladder bile. It might be argued that the findings of the model system containing 107%o solids are not applicable to the more dilute or concentrated bile samples. This possibility can be excluded since the limits of the micellar zone at 10%o solids (Fig. 3) are the same at 5 or 20%o solids. Thus, in terms of water and total solids the model system is similar to the 91 samples of human gall bladder bile included in the present study. There are changes in cholesterol solubilization in the in vitro system when the total solids are less than 3%o. Therefore, the limits of cholesterol solubilization are probably not applicable to very dilute biles. For this reason, dilute biles have been excluded from the present study.
A mixture of taurine and glycine conjugated bile salts was used to construct the model system. Almost identical results have been obtained when the free bile salt sodium cholate was used at an alkaline pH (21) . Alterations in pH do not affect the physical state of mixtures containing conjugated bile salts until the pH falls below about 4.5, at which point glycine conjugates tend to precipitate. In contrast, the solubilizing capacity of the systems using free sodium cholate is dependent upon the maintenance of an alkaline pH. At a pH above 9.5 sodium cholate is completely ionized.
Under this condition sodium cholate is as effective as conjugated bile salts in solubilizing lecithin and cholesterol. At somewhat lower pH levels, where a portion of free bile salt is in the form of protonated bile acid, solubilization is less efficient. Below pH 6 no solubilization occurs since cholic acid precipitates from solution.
The model system contained only bile salts, lecithin, cholesterol, and water and thus was devoid of many of the normal biliary constituents such as bilirubin, inorganic ions, mucus, and protein. Despite the absence of these substances the model system apparently predicts which bile samples will contain insoluble cholesterol crystals (Fig. 4) . It therefore may be suggested that the solubility of cholesterol in bile is determined solely by the amount of cholesterol relative to the quantities of bile salts and lecithin present.
We should like to emphasize that all of the findings discussed in the present study deal only with one step in the formation of cholesterol gallstones, namely the precipitation of cholesterol microcrystals. The process by which these microcrystals unite or grow to form macroscopic gallstones is unknown. Factors such as inflammation, stasis, mucus content, divalent cation concentration, bile pigment, pH etc., which do not appear to be significant in the precipitation of cholesterol microcrystals, may be important in the process by which these microcrystals form macroscopic cholesterol gallstones.
